The electronic, structural and phonon properties of antiferromagnetic wolframite-type NiWO 4 have been studied using first-principles spin-polarized LCAO calculations based on the hybrid Hartree-Fock (HF)/density functional (DFT) scheme. The influence of different percentages of HF contribution, i.e. different correlation strength, on the structure and phonon frequencies has been investigated and compared with the available experimental data. 
Introduction
Nickel tungstate (NiWO 4 ) has been extensively studied in the past because of its use for catalysts [1] [2] [3] [4] , humidity [5] and gas sensors [6] , in microwave devices [7] , and photoanodes [8, 9] . The application of mixed nickeltungsten oxide thin films in electrochromic systems has also been proposed [10] . In such systems, the formation of the NiWO 4 phase can occur at nano-or micro-scale resulting in a modification of their chromogenic properties. The properties of electrochromic materials are determined by charge insertion/extraction accompanied by the changes in the local atomic and electronic structures * presented at the 6th International Conference on Functional Materials and Nanotechnologies, March 17-19, 2010 , Riga, Latvia † E-mail: a.kuzmin@cfi.lu.lv [11] . These phenomena have been studied for many years in pure WO 3 and NiO both experimentally and theoretically [12] [13] [14] , whereas the fundamental studies on mixed systems as well as pure NiWO 4 are rather limited. In particular, to the best of our knowledge, the band structure calculations of NiWO 4 have been not performed until now.
NiWO 4 is isomorphous to other transition-metal tungstates such as MnWO 4 , FeWO 4 , CoWO 4 , and ZnWO 4 [15] , which, except for ZnWO 4 , have incomplete 3d shell and are paramagnetic at room temperature. At low temperatures, MnWO 4 , FeWO 4 , CoWO 4 , and NiWO 4 undergo cooperative transitions to antiferromagneticallyordered states [16] . It should be noted that in the last few years MnWO 4 has attracted increased attention as a multiferroic material [17] .
The crystal structure of NiWO 4 has been determined at room temperature by x-ray [15] and neutron [18] powder diffraction. It is monoclinic wolframite-type with the space [15, 18] . The crystallographic unit cell is indicated.
group P2/ . There are two formula units (Z = 2) per primitive cell, having the lattice parameters = 4 5992 Å, = 5 6606 Å, = 4 9068 Å, and β = 90 03° [18] . The presence of two non-equivalent oxygen atoms is responsible for three pairs of Ni-O and W-O bonds, having different lengths. Thus, both Ni and W atoms are surrounded by six oxygen atoms, forming distorted octahedral coordination, which has been directly probed by the W L 1 3 and Ni K edges x-ray absorption spectroscopy in [19, 20] . Metaloxygen octahedra of one type share edges and form zigzag chains along the -axis (Fig. 1) . The antiferromagnetic order exists in NiWO 4 below 67 K [21] . Its magnetic unit cell (2 ) is double the crystallographic one along the -axis [16] . The spins at nickel ions in the same chain are arranged collinearly (coupled ferromagnetically), but are antiparallel (coupled antiferromagnetically) to the spins in adjacent chain.
In the present work, the electronic, structural and phonon properties of NiWO 4 have been studied using firstprinciples spin-polarized periodic linear combination of atomic orbitals (LCAO) method with the hybrid HartreeFock (HF)-density functional (DFT) Hamiltonian. In this approach, basis functions for the crystalline orbitals are constructed as Bloch sums from the linear combination of localized Gaussian-type atomic orbitals. Therefore, a proper choice of the basis functions (preferably optimized for a particular system) is required. Such an optimized basis is used in the present calculations. The LCAO method allows one to use wavefunction-based (HF), density-based (DFT) and hybrid Hamiltonians (as PBE0 [22, 23] used in the present work). The latter provide the most accurate results eliminating the weaknesses of pure HF and DFT schemes, their realization within the Plane Wave basis calculations requires much bigger computational effort. LCAO methods are also able to avoid an artificial periodicity typically introduced in PW methods for a 0D (cluster), 1D (wire), and 2D (slab) models.
Computational details
The methodology used in the present work has been employed by us recently to ZnWO 4 in [22, 23] , where the electronic, structural and phonon properties of tungstate have been studied within the periodic linear combination of atomic orbitals (LCAO) method 1 . The best agreement between experimental and theoretical structural and electronic parameters of ZnWO 4 has been found for hybrid PBE0 (25%) Hamiltonian [22, 23] . However, the infra-red (IR) and Raman phonon bands in ZnWO 4 have been reproduced rather qualitatively [23] : in particular, the theory tends to overestimate the Raman phonon frequencies, especially, at high frequencies where the observed difference reaches ∼ 34 cm −1 .
In this work we extend our studies to NiWO 4 , which represents an even more complicated case, since at low temperatures ( 67 K), it undergoes cooperative transition to an antiferromagnetically (AF)-ordered state [21] . The electronic, structural and phonon properties of NiWO 4 have been studied using first-principles spin-polarized LCAO calculations by the CRYSTAL06 code 1 . To avoid core electrons of tungsten and nickel atoms, we used the Hay-Wadt (HW) effective small core potentials (ECP) and the corresponding atomic basis sets for metal atoms (W, Ni), excluding diffuse Gaussian type orbitals. The basis set for tungsten was optimized by us for ZnWO 4 [23] , whereas the starting basis set for nickel was taken from [24] and reoptimized in the present work for NiWO 4 . The all-electron basis set, optimized in earlier calculations of perovskites [25] , was used for oxygen atoms.
The calculations have been performed for four magnetic states by fixing the total spin projection. The first state (AF1), having the total spin projection S = 0, corresponds to that observed experimentally [18, 21] with the ferromagnetic ordering of spins at nickel ions within zigzag chains but the antiferromagnetic alignment between dif-ferent chains (Fig. 1 ). Note that AF1 state requires the doubling of crystallographic unit cell along -axis direction [18, 21] . There is also another possibility for antiferromagnetic state (AF2) with S = 0 when spins at nickel ions in the same chain have antiparallel arrangement: in this case, no cell doubling is required since there are two nickel ions per primitive cell. The ferromagnetic (FM) state with all spins at nickel ions ordered collinearly and the non-magnetic (NM) state have also been calculated. In the CRYSTAL06 code, the accuracy in the evaluation of the Coulomb and exchange series is controlled by a set of tolerances, which were taken to be ( [27] ) with different percentages (0 ÷ 25%) of HF contribution. The calculations of phonon frequencies were done by the direct (frozen phonon) method 2 . The best agreement between calculated and experimental phonon frequencies has been observed for 13% HF contribution (PBE0 13%), therefore only results for this case are given in Table 2 and will be discussed further.
Results and discussion
The equilibrium lattice parameters have been calculated by minimizing the crystal total energy for three magnetic (AF1, AF2 and FM) and non-magnetic (NM) states. Such simulations performed without accounting for any thermal effects are often referred as conducted at temperature T = 0 K [28] . The presence of thermal effects is expected to result in the lattice expansion and an increase of anharmonic contributions, thus shifting slightly the position of the vibrational bands and increasing their broadening. Both effects are known to be weak in tungstates [29, 30] and, in any case, are much smaller than accuracy of our calculations. In fact, weak sensitivity of the vibrational bands of tungstates to thermal effects finds practical application as Raman-active crystals in solid-state lasers, based on stimulated Raman scattering (SRS) [31, 32] .
The calculated values of the structural parameters are compared in Table 1 with the experimental data obtained by neutron powder diffraction [18] . One can see that the results for magnetic states, having close total energies, agree better than 0.03 Å with the experimental lattice con-stants and better than 0.1°for the angle β.
The evaluated total energy per formula unit E tot (Table 1) has the lowest value for the antiferromagnetic state AF1 and the highest value for the non-magnetic state. The antiferromagnetic AF2 and ferromagnetic FM states have intermediate and close values of E tot , the latter being slightly lower. These results confirm the antiferromagnetic AF1-type ordering of spins in NiWO 4 observed experimentally at low temperatures [18, 21] . Note that in all calculated magnetic states the unpaired electrons are well localized at nickel atoms, giving a net atomic spin of about 1.70.
The Mulliken population analysis was used to estimate the total atomic charges. They are equal to +1.67e for Ni, +2.78e for W, -1.16e for O 1 and -1.07e for O 2 suggesting the mixed ionic-covalent character of the NiO and WO bonding. In contrast to the purely ionic picture of a bare W 6+ ion (with no valence electrons), the tungsten valence state in tungstate is around 3+ due to back charge transfer from nearest oxygen atoms. This fact is responsible for a strong distortion of the WO 6 octahedra caused by the second-order Jahn-Teller effect [33] . As a result, there are three significantly different WO bonds having lengths of about 1.81 Å, 1.91 Å, and 2.12 Å (Table 1) .
Band structure diagram and spin dependent total/projected density of states for wolframite-type NiWO 4 in the antiferromagnetic state are shown in Fig. 2 . The dispersion curves are plotted along eight different symmetry directions in the Brillouin-zone. According to our calculations, NiWO 4 has an indirect band gap (E→ Γ or A→ Γ). The calculated band gap value E g = 3 7 eV is in good agreement with the experimental one equal to 3.6 eV [8] . Note that the smaller value of the band gap in NiWO 4 (2.28 eV in [9] and 2.52 eV in [34] ) has been also reported. We believe that these two numbers are underestimated due to incorrect band gap determination in [9] . It seems that the low quality measurements performed in a limited energy range from 1.4 eV to 3.4 eV on NiWO 4 thin films in [9] have led to confusion of the band gap with the absorption bands due to the d-d transitions at Ni 2+ ions, being responsible for the color of the compound [8, 35] .
The calculated electronic structure in NiWO 4 can be compared to that in other wolframite-type monoclinic (P2/c) tungstates as CdWO 4 [36] , FeWO 4 [37] , CoWO 4 [37] , and ZnWO 4 [22, 23] as well as in triclinic CuWO 4 [38] . Most previous first-principles calculations were based on DFT functionals and underestimate the band gap values: E g = 2 9 eV versus E g (exp) = 3 8 − 4 09 eV in CdWO 4 [36] ; E g = 1 78 eV versus E g (exp) = 2 0 eV in FeWO 4 [37] ; E g = 1 36 eV [37] versus E g (exp) = 2 0 eV [39] in CoWO 4 ; E g = 1 9 eV [38] versus E g (exp) = 2 06 eV [40] and 2.3 eV [34, 41] in CuWO 4 . However, the use of hybrid Hamil-tonians within the LCAO method allowed us to obtain for ZnWO 4 the band gap energy E g = 4 6 eV [22] and 5.4 eV [23] in better agreement with experimental values E g (exp) = 4 6 eV [42] and 4.9 eV [43] . Previous band structure calculations for these tungstates allows one to conclude that FeWO 4 [37] and CoWO 4 [37] have an indirect band-gap as we found also for NiWO 4 , whereas CdWO 4 [36] and ZnWO 4 [22, 23] have a direct band-gap. Note that the indirect band-gap has been also found experimentally from optical absorption spectra in CuWO 4 [34, 41] . The difference between the two groups of tungstates is connected with the contribution of partially filled 3d states, provided by Fe 2+ , Co 2+ , Ni 2+ , and Cu 2+ ions, into the band structure. In the case of NiWO 4 ( Fig. 2) , the valence band is formed by hybridized O2p and Ni3d states, and the Ni3d(t 2g ,e g ↑) states contribute mainly to the upper part of the valence band. The conduction band is formed by the empty W5d states with an admixture of the empty Ni3d(e g ↓) states at the bottom of the band. These results agree well with those obtained recently by optical and ultraviolet photoelectron spectroscopy in [8] . The calculated phonon frequencies (Table 2 ) are compared with the experimental Raman signal measured at room temperature in Fig. 3 . According to group theoretical analysis, 36 phonon modes are expected at the Brillouin zone center (Γ-point) for NiWO 4 at room temperature. Among them 18 even modes (8A g and 10B g ) are Raman active. Note that the number of Raman active modes is doubled in the AF2 state and quadrupled in the AF1 state (Fig. 3a) due to the symmetry lowering caused by the spin ordering.
Our results suggest that phonon frequencies are very sensitive to the type of the functional used in the calculations. In particular, for hybrid PBE0-type functional, composed of HF and DFT contributions, one can follow this dependence by varying the HF-to-DFT ratio (Fig. 3b) . Our findings for NiWO 4 suggest that 13% HF admixture gives the best result for both lattice dynamics and the equilibrium structure. [47] for simple LDA-type Hamiltonian [48] . On the contrary, our previous calculations [19] using hybrid PBE0 Hamiltonian [27] with 25% HF admixture overestimated the frequencies of the stretching WO modes by ∼ 34 cm −1 in ZnWO 4 and ∼ 39 cm
in CaWO 4 , which has the scheelite-type structure constructed of WO 4 tetrahedra and CaO 8 polyhedra. Our present calculations suggest that a variation of the HF admixture to the DFT Hamiltonian systematically influences the values of phonon frequencies (Fig. 3b) . The best agreement with the high-frequency stretching WO mode in NiWO 4 has been found for 13% HF admixture, which results in the difference below 5 cm −1 (Table 2) .
Finally we will discuss the distortion of the metal-oxygen octahedra ( Table 1 ). The LCAO calculations predict larger distortion of the WO 6 octahedra but weaker distortion of the NiO 6 octahedra compared to diffraction [18] . In AF1 state, observed experimentally, the NiO 6 octahedra are nearly regular according to the LCAO results and have three slightly different pairs of the NiO bonds with the standard deviation of about 0.02 Å. On the con-trary, the LCAO results for the WO 6 octahedra predict three significantly different pairs of the WO bonds with the standard deviation of about 0.13 Å. The local distortion around metal atoms can be obtained experimentally by x-ray absorption spectroscopy (XAS), which is the local structural probe giving information complementary to diffraction methods [49] . In Fig. 4 , we show our recent results obtained by the W L 3 -edge XAS in NiWO 4 at 10 K and 300 K, measured at HASYLAB DESY synchrotron center in Hamburg. The use of regularization-like method [50, 51] allowed us to reconstruct the radial distribution function (RDF) within the first coordination shell of tungsten (Fig. 4) . The shape of the RDF unambiguously confirms the strong distortion of the WO 6 octahedra and shows rather weak dependence on the temperature variation. Moreover, the comparison of the RDF with the lengths of the WO bonds, obtained by LCAO method in the present work and by neutron diffraction in [18] , suggests that the LCAO calculations reproduce slightly better the position of the middle group of the WO distances at 1.911 Å. In fact, the value obtained by diffraction [18] R(WO 1 ) = 1 957 Å is located in the valley region of the RDF. At the same time, the shortest and the longest WO bonds are very close in LCAO and diffraction. 
Conclusions
The first-principles spin-polarized LCAO calculations have been performed for antiferromagnetic wolframitetype NiWO 4 . The indirect band gap of E g = 3 7 eV was calculated in good agreement with experiment. The variation of the HF/DFT mixing allowed us to determine the best HF admixture to be ∼ 13%: it results in a good reproduction of the crystal structure (including local octahedra distortions), band gap and phonon frequencies.
